Outgrowth of the dendrites and the axon is the basis of the establishment of the neuronal shape, and it requires addition of new membrane to both growing processes. It is not yet clear whether one or two exocytotic pathways are responsible for the respective outgrowth of axons and dendrites. We have previously shown that tetanus neurotoxin-insensitive vesicleassociated membrane protein (TI-VAMP) defines a novel network of tubulovesicular structures present both at the leading edge of elongating dendrites and axons of immature hippocampal neurons developing in primary culture and that TI-VAMP is an essential protein for neurite outgrowth in PC12 cells. Here we show that the expression of the N-terminal domain of TI-VAMP inhibits the outgrowth of both dendrites and axons in neurons in primary culture. This effect is more prominent at the earliest stages of the development of neurons in vitro. Expression of the N-terminal domain deleted form of TI-VAMP has the opposite effect. This constitutively active form of TI-VAMP localizes as the endogenous protein, particularly concentrating at the leading edge of growing axons. Our results suggest that a common exocytotic mechanism that relies on TI-VAMP mediates both axonal and dendritic outgrowth in developing neurons.
Outgrowth of the dendrites and the axon is the basis of the establishment of the neuronal shape, and it requires addition of new membrane to both growing processes. It is not yet clear whether one or two exocytotic pathways are responsible for the respective outgrowth of axons and dendrites. We have previously shown that tetanus neurotoxin-insensitive vesicleassociated membrane protein (TI-VAMP) defines a novel network of tubulovesicular structures present both at the leading edge of elongating dendrites and axons of immature hippocampal neurons developing in primary culture and that TI-VAMP is an essential protein for neurite outgrowth in PC12 cells. Here we show that the expression of the N-terminal domain of TI-VAMP inhibits the outgrowth of both dendrites and axons in neurons in primary culture. This effect is more prominent at the earliest stages of the development of neurons in vitro. Expression of the N-terminal domain deleted form of TI-VAMP has the opposite effect. This constitutively active form of TI-VAMP localizes as the endogenous protein, particularly concentrating at the leading edge of growing axons. Our results suggest that a common exocytotic mechanism that relies on TI-VAMP mediates both axonal and dendritic outgrowth in developing neurons.
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Growth of an axon and extension of a dendritic tree are the key morphological features of neuronal development, and they define neuronal shape (Prochiantz, 1995) . Exocytosis plays a fundamental role in axonal and dendritic outgrowths because both processes involve major increases in the surface area of the plasma membrane (Futerman and Banker, 1996; Bradke and Dotti, 1997) . This new surface area is added at the tips of the elongating processes (Craig et al., 1995; Zakharenko and Popov, 1998) . The axon and the dendrites differ in their contents of protein early in neuronal development and are controlled by different factors (Prochiantz, 1995) . Nevertheless, when the axon of a neuron is severed, a new axon forms from a pre-existing dendrite (Dotti and Banker, 1987; Bradke and Dotti, 2000a) . The molecular machinery controlling the trafficking of membranes involved in axonal and dendritic outgrowth is still poorly characterized, and it is not yet clear whether one or two independent exocytotic pathways are responsible for the respective outgrowth of axons and dendrites (Bradke and Dotti, 2000b) .
Soluble N-ethylmaleimide-sensitive fusion protein (NSF) attachment protein (SNAP) receptors (SNAREs) are important proteins of membrane traffic because they are the core molecules of membrane fusion (Söllner et al., 1993; Bock and Scheller, 1999; Jahn and Sudhof, 1999) . In neurons, the plasma membrane target SNAREs (t-SNAREs), syntaxin 1 and SNAP25, are found all along the plasma membranes of axons and dendrites Galli et al., 1995) . Both the outgrowth of axons and the outgrowth of dendrites depend on SNAP25 because they are inhibited by the botulinum neurotoxins A and C1 but do not involve synaptobrevin 2 because they are not affected by tetanus neurotoxin (Osen-Sand et al., 1996; Igarashi et al., 1996; Grosse et al., 1999) , which cleaves synaptobrevin 2. The recent discovery of the clostridial neurotoxin-resistant vesicular SNARE tetanus neurotoxin-insensitive vesicle-associated membrane protein (TI-VAMP) ) (also called VAMP-7; Advani et al., 1998) , the product of the Synaptobrevin-like gene 1 (D'Esposito et al., 1996) in neuronal cells (Coco et al., 1999; Martinez-Arca et al., 2000a,b) has provided an appealing hypothesis for the observed lack of effect of tetanus neurotoxin on axonal and dendritic outgrowth (Johannes and Galli, 1998 ). An important structural feature of TI-VAMP is its N-terminal extension of 100 amino acids . We have shown that this domain inhibits the formation of SNARE complexes both in vivo and in vitro. In agreement with this observation, we observed that neurite outgrowth is inhibited by expression in pheochromocytoma 12 (PC12) cells of the N terminus of TI-VAMP and enhanced by expression of a form of TI-VAMP deleted at its N terminus (Martinez-Arca et al., 2000a) . Each process from a differentiated PC12 cell contains both dendritic and axonal markers, and none make synaptic contacts so these cells cannot be considered to be a true model of neuronal differentiation and maturation. In this paper, we expressed the N-terminal domain and the form of TI-VAMP deleted at its N terminus in neurons to assay for the role of TI-VAMP in the outgrowth of axons and dendrites.
MATERIALS AND METHODS

Antibodies and clones.
A polyclonal antibody directed against green fluorescent protein (GFP) was generated in rabbit and affinity-purified over recombinant glutathione S-transferase-coupled GFP. Mouse monoclonal antibodies directed against GFP (clones 7.1 and 13.1; Roche Diagnostics, GmbH, Germany), the Golgi matrix protein of 130 kDa (GM130; Transduction Laboratories, Lexington, K Y) and syntaxin 6 (clone 30; Transduction Laboratories) have been described previously. Rabbit polyclonal antibody directed against calreticulin was from Affinity Bioreagents. Mouse monoclonal antibody directed against synaptobrevin 2 (clone 69.1) and rabbit polyclonal antibody directed against syntaxin 7 were generous gifts of Drs. R. Jahn (Max Planck Institute, Goettingen, Germany) and W. Hong (Institute of Molecular and C ell Biology, Singapore), respectively. Antibodies against excitatory amino acid carrier 1 (EAAC1) and GluR1 were kind gifts of Drs. Rothstein (Johns Hopkins University, Baltimore, MD) and Wenthold (Uniformed Services University of the Health Sciences, Bethesda, MD), respectively, and were used as previously described (Coco et al., 1997) . The cDNA of human TI-VAM P and the GFP-f usion constructs have been previously described Martinez-Arca et al., 2000a) .
Electroporation of mouse embr yonic brain. Brains were dissected out from mouse embryonic day 13 (E13) embryos in PBS and 0.6% glucose. Plasmids (2 g/l) were co-injected with 0.05% Fast-Green (Sigma, St. L ouis, MO) in telencephalic vesicles using a glass capillary needle. Electroporation was performed essentially as described in Miyasaka et al. (1999) , by five pulses (50 V, 50 msec) with a T-820 apparatus using a 10-mm-diameter tweezertrode electrode (BTX, San Diego, CA). After electroporation cells were dissociated in trypsin 0.05% (Life Technologies, C ergy-Pontoise, France), plated on glass coverslips coated with matrigel (Collaborative Biomedical Products, Bedford, M A), and cultured as in Mainguy et al. (2000) . After the indicated times, cells were fixed with 4% PFA and either mounted with Vectashield-4Ј,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA) for observation of direct GFP-signal or permeabilized with 0.3% Triton X-100 and processed for immunofluorescence as described (Coco et al., 1999) .
Adeno-associated virus vectors construction, production, purification, and titration. Recombinant adeno-associated virus (rAAV)-cytomegalovirus (C M V)-GFP-TI-VAM P, rAAV-C M V-GFP-Nter-TI-VAM P, and rAAV-C M V-GFP-⌬Nter-TI-VAM P vectors were respectively obtained from the pCR3.1 GFP-TI-VAM P, pCR3.1 GFP-Nter-TI-VAM P, pCR3.1 GFP-⌬Nter-TI-VAM P, plasmids, harboring the corresponding transgene and the pGG2 AAV plasmid. The latter plasmid is derived from the pSUB201 plasmid, in which the expression is driven by hC M V promoter and stabilized by the SV40 late polyA and a chimeric intron composed of the 5Ј donor splice site of the first intron of the human ␤ globin gene (hBB) and the 3Ј acceptor splice site of the intron of an Ig gene (IgG) heav y chain variable region. First, GFP-TI-VAM P, GFPNter-TI-VAM P, and GFP-⌬Nter-TI-VAM P sequences were PCRamplified by using specific primers and the high-fidelity pf u turbo polymerase (Stratagene, La Jolla, CA) and f urther digested by NheI restriction enzyme at the 3Ј end. These fragments were purified from agarose gel by using the Geneclean kit (BIO101, Vista, CA) according to the manufacturer's procedure. Second, the pGG2 plasmid was cut by NheI and EcoRV enzymes to add the PCR-amplified cDNAs. The correct orientation of the inserted sequences were checked by DNA sequencing analysis and agarose gel electrophoresis. Large-scale production and purification of vectors were performed by using the triple transfection of 293 cells, followed by C sC l density gradients purification, as previously described (X iao et al., 1998) . The infectious particle concentration is determined by a variation of the procedure previously described (Salvetti et al., 1998) .
Adenoassociated viral infection of neurons.
Cortical and striatal neurons were prepared from rat E16 embryos as described previously (Rousselet et al., 1990) . After dissociation, neurons were plated in collagen-coated glass coverslips in chemically defined medium as above. Five hours after plating cells were infected overnight with the described Aavs at a multiplicity of infection of 100 in a final volume of 50 l. The day after, the Aavs were removed and cells were kept in regular medium for the indicated periods of time. The direct GFP signal from the Aav-encoded proteins could be detected 3 d after infection, however, because of the low level of expression of the transgenes and to facilitate detection of the infected neurons for subsequent quantitation, cells were fixed and permeabilized as described above and stained with anti-GFP antibodies.
Transfection of hippocampal neurons with calcium phosphate. C alcium phosphate crystals were prepared as described in Maniatis et al. (1982) . For transfection, neurons were placed in medium conditioned by cortical astrocytes for at least 15 hr. C alcium phosphate crystals were left for 4 hr, and the cells were then washed accurately with Krebs'-Ringer's solution and transferred in their previous medium.
Quantification of a xonal and dendritic length in hippocampal neurons. Randomly chosen fields were taken with a Bio-Rad MRC -1024 Confocal Microscope equipped with a LaserSharp 3.2 software. Acquired images were processed and quantitatively analyzed with N IH Image 1.62 software from National Institute of Health, resulting in the analysis of between 40 and 60 GFP-positive cells, for each condition and for each independent experiment. Multiple dendrites emerging from a same stalk were counted as distinct entities. For immunocytochemistry, neurons were permeabilized with 0.3% Triton X-100 and processed for immunofluorescence as described (Coco et al., 1999) .
Quantification of a xonal length in corticostriatal neurons. Randomly chosen fields were taken with a MicroMax CCD camera (Princeton Instruments), resulting in the analysis of between 10 and 50 (in the electroporation experiments) or between 25 and 200 (in the Aav experiments) GFP-positive cells, for each condition and for each independent experiment. Quantification of axonal length was done using the Metamorph software (Princeton Instruments). Double immunofluorescence with neuronal markers was performed to verif y exclusively quantification of neuronal cells. The obtained data were analyzed for their statistical significance with Sigma Stat (SPSS, Inc.).
Quantification of Nter-TI-VA MP-induced cell death. After electroporation of embryonic E13 brains, cells were dissociated and cultured in the absence or presence of 200 M zVAD (C albiochem, La Jolla, CA) to inhibit caspases thus apoptosis. After 24 hr all the green fluorescent neuronal and non-neuronal cells remaining were scored.
RESULTS
Expression of the N-terminal domain of TI-VAMP inhibits neuronal differentiation
To investigate the role of TI-VAMP in neuronal differentiation, we expressed GFP and GFP fused to the N-terminal domain of TI-VAMP (GFP-Nter-TI-VAMP), using a calcium phosphatebased transfection method, in E18 rat hippocampal neurons that were cultured in the presence of feeding glial cells (Fig. 1 ). Neurons were transfected at 1 d in vitro (div) or 4 div and examined 24 hr later. We observed that neurons expressing GFPNter-TI-VAMP grew shorter neurites, whereas those expressing GFP differentiated as nontransfected neurons (Fig. 1 ) (data not shown). We quantitated the growth of axons and dendrites, these processes being defined by morphological criteria (Dotti et al., 1988) . The inhibition affected both processes. Interestingly, dendrites of neurons expressing GFP-Nter-TI-VAMP were fewer in number and shorter than those of neurons expressing GFP, after 2 and 5 div; the strongest effect was after 2 div ( Fig. 1 B,C) . In comparison, the inhibitory effect of the expression of GFP-Nter-TI-VAMP on axonal outgrowth appeared stronger than the effect on dendritic outgrowth, when only the lengths of the processes were compared (Fig. 1, compare B, D) .
We confirmed that dendritic function was significantly altered in hippocampal neurons expressing GFP-Nter-TI-VAMP because a reduced localization of the glutamate transporter EAAC1 was seen in the dendrites of these cells compared with cells expressing only GFP (Fig. 2) . EAAC1 is a transmembrane protein expressed in dendrites of hippocampal neurons at very early stages of their development, and thus is a good marker of vesicular transport to the growing dendritic plasma membrane (Coco et al., 1997) . Quantification of dendrites positive for EAAC1
showed that far fewer of them were from neurons expressing GFP-Nter-TI-VAMP than from neurons expressing only GFP (Fig. 2 B) . We did not observe any effect on the localization of the AMPA receptor subunit GluR1 (Fig. 2 A) . This lack of effect shows that only a subset of transport pathways are inhibited by the expression of GFP-Nter-TI-VAMP. Our observation that the inhibitory effect of GFP-Nter-TI-VAMP was smaller when the transfection was performed in 4 div hippocampal neurons compared with 1 div neurons prompted us to study axonal and dendritic outgrowth in embryonic neurons of earlier stages. For doing so, we electroporated intact embryonic brains from E13 mice, a stage of brain development in which neuroblasts are very abundant. Then, we dissociated the cortices and striata and cultured neurons and astrocytes. The cells were plated, cultured, and observed after 1-3 div. Using this approach, cells expressing GFP were abundant at both time points. The development of neurons expressing GFP was indistinguishable from that of nontransfected neurons, and normal axonal and dendritic outgrowth was observed. However, after 1 div, we could find only few cells expressing GFP-Nter-TI-VAMP and after 3 div, almost none were visible (Fig. 3A) . Presumably, expression of GFP-Nter-TI-VAMP at early times during development blocked neuronal differentiation and rapidly induced neuronal cell death. To test this presumption, we treated the cells with benzyloxycarbonyl-Val-Ala-Asp-(OMe)-fluoromethylketone (zVAD), a broad-spectrum inhibitor of caspases (Polverino and Patterson, 1997) , shortly after plating. Cells treated with zVAD and expressing GFP-Nter-TI-VAMP survived after 1 div but differentiation, as assessed by axonal and dendritic outgrowth, was severely impaired when compared with the corresponding cells expressing GFP alone (Fig. 3A) . Quantification of survival showed that zVAD reversed the pro-apoptotic effect induced by the expression of GFP-Nter-TI-VAMP (Fig. 3B) . The neurons treated with zVAD and expressing GFP-Nter-TI-VAMP surviving after 1 div showed a significant reduction in axonal length relative to cells expressing GFP alone (35 m compared with 60 m) (Fig. 3C) , and only 16% of their axons were Ͼ50 m compared with 62% in the case of GFP. This result suggests that the deleterious effect of the expression of Nter-TI-VAMP was attributable, at least in part, to inhibition of axonal and dendritic outgrowth. The electroporation of intact brain, however, led to a high level of expression of the transgenes, and the apoptotic effect could be caused by nonspecific toxicity at high intracellular concentration, although the control cells seemed normal. Therefore, we constructed recombinant Aavs (Du et al., 1996; Slack and Miller, 1996) expressing GFP or GFP-Nter-TI-VAMP and used them to infect corticostriatal neurons. In this case also, the expression of GFP-Nter-TI-VAMP resulted in strong inhibition of axonal and dendritic outgrowths, after 1, 2, and 3 div (Figs. 3D, 4) . Staining with DAPI showed that the nuclei of cells expressing GFP-Nter-TI-VAMP, but not the nuclei of cells expressing GFP, was condensed and fragmented. This effect was seen already in some GFP-Nter-TI-VAMP-expressing neurons after 1 div (data not shown) but affected virtually all of the cells after 3 div (representative cells are depicted in Fig. 3D) . Thus, the expression of GFP-Nter-TI-VAMP, mediated by the corresponding recombinant Aav, resulted in neuronal cell death also, in spite of the fact that infection with Aav induced a much lower level of expression than electro- poration. Indeed, the transfected peptides were detected by immunofluorescence using an anti-GFP antibody in the case of viral expression, whereas they could be seen by direct GFP-emitted fluorescence in the electroporation experiments. Consequently, this effect was independent of the method of transfection. Furthermore, to discard the possibility that overexpression of GFPNter-TI-VAMP could have pleiotropic effects and inhibit several fusion events, we analyzed both the secretory and endocytic pathways in cells expressing GFP or GFP-Nter-TI-VAMP. Figure  4 shows representative neurons expressing GFP or GFP-Nter-TI-VAMP. We conducted this study short times after infection (1 d) to look at the cells expressing GFP-Nter-TI-VAMP before they became apoptotic. We found no difference in the distribution of calreticulin, a marker of the endoplasmic reticulum (ER) (Patil et al., 2000) , GM130, a protein of Golgi stacks (Nakamura et al., 1997) , syntaxin 6, a SNARE of the trans-Golgi network (Bock et al., 1997) , synaptobrevin 2, and syntaxin 7, an endosomal SNARE (Wong et al., 1998) , in cells expressing GFP-Nter-TI-VAMP compared with those expressing GFP or to noninfected cells (Fig.  4) . Altogether, these results demonstrated that TI-VAMP is one of the proteins essential for both axonal and dendritic outgrowth.
A constitutively active form of TI-VAMP enhances axon outgrowth
We have previously found that the expression of a form of TI-VAMP from which the N-terminal domain has been deleted (GFP-⌬Nter-TI-VAMP) stimulated neurite outgrowth in PC12 cells (Martinez-Arca et al., 2000a) . Because expression of GFPNter-TI-VAMP blocked both dendritic and axonal outgrowth in neurons, we asked whether expression of GFP-⌬Nter-TI-VAMP had any effect on these processes. Transfection of plasmids expressing GFP-⌬Nter-TI-VAMP by electroporation of intact E13 murine brains greatly stimulated axonal outgrowth of neurons in primary culture compared with GFP (Fig. 5A,B) . Rat corticostriatal neurons infected with Aavs producing expression of GFP⌬Nter-TI-VAMP also showed increased axonal outgrowth compared with GFP (Fig. 5A,C) . These stimulatory effects could be seen at 1, 2, 3, or 6 div, but the strongest effects were observed after 3 and 6 div in the case of Aav-treated neurons. Most remarkably, expression of GFP-⌬Nter-TI-VAMP increased fourfold the percentage of axons Ͼ300 m after 6 div (Fig. 5C ). The expression of full-length TI-VAMP had no effect relative to the expression of GFP (Fig. 5) . We did not observe any significant effect of the expression of GFP-⌬Nter-TI-VAMP on dendritic length or on the number of dendrites per cell in any of the two models we have used (our unpublished observation).
Removal of the N-terminal extension of TI-VAMP produces a molecule of protein that has a structure typical of synaptobrevin 2. It was possible that GFP-⌬Nter-TI-VAMP has lost important targeting information and behaves as synaptobrevin 2 because it does not reach its site of normal function. If this were the case, these results would not provide insight into the function of TI-VAMP in axonal and dendritic outgrowth. Therefore, we studied the subcellular location of GFP-⌬Nter-TI-VAMP and synaptobrevin 2 in corticostriatal neurons 6 div after infection with Aavs. GFP-⌬Nter-TI-VAMP was found in cell bodies, dendrites, axon hillocks, all along the axon, and in varicosities (Fig.  6) . We found that GFP-⌬Nter-TI-VAMP did not colocalize with synaptobrevin 2. Interestingly, GFP-⌬Nter-TI-VAMP densely localized at the leading edge of axons in the peripheral region of growth cones, a location devoid of synaptobrevin 2 (Fig. 6 E) , as seen for the endogenous protein (Coco et al., 1999) .
DISCUSSION
Our previous work has shown that TI-VAMP is one of the proteins essential for neurite outgrowth in PC12 cells (Martinez- Figure 4 . Cells expressing the N-terminal domain of TI-VAMP show normal secretory and endocytic pathways. Corticostriatal neurons from E16 rats were infected with Aav carrying GFP or Aav carrying GFP-Nter-TI-VAMP, fixed 1 d after infection, and double-labeled for GFP and the indicated markers of the secretory (calreticulin, GM130, syntaxin 6, synaptobrevin 2) and endocytic (syntaxin 7) pathways. At this time, some Nter-TI-VAMP-expressing cells are not yet apoptotic, although they already present shorter neurites compared with GFP-expressing cells. Note, however, that the different markers localized similarly in GFP-and GFP-Nter-TI-VAMP-expressing neurons. Insets show higher magnifications of the areas indicated by the arrowheads. GM130, Golgi matrix protein of 130 kDa; Stx6, syntaxin 6; Syb2, synaptobrevin 2; Stx7, syntaxin 7. Scale bar, 60 m (15 m in insets). Arca et al., 2000a) . We have shown that TI-VAMP concentrates at the leading edge of axonal and dendritic outgrowths of immature hippocampal neurons (Coco et al., 1999) . Here, we provide evidence that TI-VAMP is essential for both dendritic and axonal outgrowth in neurons. Expression of the N-terminal domain of TI-VAMP inhibited axonal and dendritic outgrowth. Expression of a form of TI-VAMP from which the N-terminal domain has been deleted strongly enhanced axonal outgrowth in mouse cortical and striatal neurons but had no effect on dendritic outgrowth. The fact that the expression of these two proteins had opposite effects on the outgrowth of axons shows that the observed changes were not the result of the transfection itself but the functional property of the proteins themselves.
In this study, we were not able to characterize the biochemical effects of Nter-TI-VAMP and ⌬Nter-TI-VAMP, because such studies in transfected neurons are technically limited by the small number of transfected cells. Nevertheless, we have previously found that the N-terminal domain of TI-VAMP inhibits the capacity of this v-SNARE to form complexes with syntaxin 1 and SNAP25, its target Q-SNAREs in PC12 cells (Martinez-Arca et al., 2000a) . TI-VAMP presents a long N-terminal extension that is not present in members of the synaptobrevin family of R-SNAREs . Preliminary results show that a chimera consisting in the fusion of the N-terminal domain of TI-VAMP with synaptobrevin 2 leads to a v-SNARE with a reduced capacity to form complexes with syntaxin 4 and SNAP23 in fibroblasts (S. Martinez-Arca and T. Galli, unpublished results). Altogether, our results suggest a model in which TI-VAMP would be a less active but a more controlled v-SNARE than synaptobrevin 2. The N-terminal domain of TI-VAMP is unlikely to contain targeting signals because the localization of ⌬Nter-TI-VAMP is similar to that of the full-length protein (Figs. 5, 6 ) (Coco et al., 1999) . Moreover, the stimulatory effect on axonal outgrowth resulting from expression of ⌬Nter-TI-VAMP (Fig. 5 ) is likely to be specific for TI-VAMP because ⌬Nter-TI-VAMP does not colocalize with synaptobrevin 2 (Fig. 6 ) despite the fact that it has a similar structure and high primary sequence similarity . Given the facts that TI-VAMP concentrates at the tip of axonal and dendritic outgrowths (Coco et al., 1999) and forms SNARE complexes with plasma membrane syntaxin 1 and SNAP25 (Martinez-Arca et al., 2000a) , that ⌬Nter-TI-VAMP forms more abundant SNARE complexes with syntaxin 1 and SNAP25 (Martinez-Arca et al., 2000a) , and that its expression in PC12 cells (Martinez-Arca et al., 2000a) and neurons (this study) accelerates neurite outgrowth, it seems reasonable to propose that TI-VAMP mediates an important exocytotic mechanism involved in neuronal differentiation.
Expression of Nter-TI-VAMP inhibited neuronal differentiation ( Fig. 1) and led to neuronal cell death (Fig. 3) . This effect cannot be attributable to a general deleterious effect of this peptide because both the secretory and the endocytic pathway are normal in cells before they enter the apoptosis (Fig. 4) . Expression of Nter-TI-VAMP did not affect smooth ER generation and transport, intra-and post-Golgi trafficking, and the formation and transport of synaptic vesicle and endocytic fusion events. Moreover, the expression of axonal and dendritic cytoskeletal components such as tau and MAP-2 is not altered (data not shown), and we have previously shown that Nter-TI-VAMP inhibits neurite outgrowth but does not lead to cell death in PC12 cells (MartinezArca et al., 2000a) . It was recently shown that the Shc site of TrkB controls both neuronal survival and axonal outgrowth by activating the PI3-kinase and MEK signaling pathways, thus establishing Figure 5 . Expression of ⌬Nter-TI-VAMP activates axonal growth. A, Intact brains from E13 mice (top panels) or corticostriatal neurons from E16 rats (bottom panels) were electroporated or infected with the indicated Aavs, respectively. Cells in primary culture were fixed after 2 (electroporation) or 3 div (Aavs). Note the punctate distribution in the cell body and along the axon of both full-length GFP-TI-VAMP and GFP-⌬Nter-TI-VAMP and the fact that GFP-⌬Nter-TI-VAMPexpressing cells present longer axons than cells expressing GFP-TI-VAMP. Scale bar: 20 m (top panels); 60 m (bottom panels). B, Quantification of the effect in axonal growth of the expression of ⌬Nter-TI-VAMP in electroporated neurons. Neurons expressing GFP, GFP-TI-VAMP, or GFP-⌬Nter-TI-VAMP were fixed after the indicated times, and the length of their axons was measured. In the top panels the mean values (ϮSEM) of percentage of axons longer than 50 or 100 m are shown from three independent experiments; the bottom panels show two representative experiments. C, Quantification of the effect on axonal growth of the expression of ⌬Nter-TI-VAMP in Aav-infected neurons. Neurons expressing the indicated constructs were fixed after 3 or 6 div, and their axonal length was measured; each panel shows a representative experiment. **p Ͻ 0.001; *p Ͻ 0.005. a link between these two functions (Atwal et al., 2000) . The relationship between cell geometry and regulation of the balance between cell growth and apoptosis has also been reported (Chen et al., 1997) . Our results suggesting that the apoptosis observed after the expression of Nter-TI-VAMP is linked to the inhibition of axonal and dendritic outgrowth point to the interdependence between neuronal survival and neurite outgrowth.
The fact that expression of Nter-TI-VAMP blocked both axonal and dendritic outgrowths (Figs. 1, 3) indicates that both processes share common molecular mechanisms. As suggested by its localization at the leading edge of both axonal and dendritic growth cones, vesicles with fusion that is promoted by TI-VAMP could mediate exposure at the cell surface of proteins that are required both for axonal and dendritic outgrowth (Coco et al., 1999) . The effect of Nter-TI-VAMP on the dendritic expression of EAAC1 (Fig. 2) , a protein that may play a role in synaptogenesis (Coco et al., 1997) , but not on the expression of GluR1, a protein of the mature dendrite (Eshhar et al., 1993 ; Richmond et Figure 6 . GFP-⌬Nter-TI-VAMP does not colocalize with synaptobrevin 2. Rat embryonic neurons were infected with Aav carrying GFP-⌬Nter-TI-VAMP. After 6 div, the cells were fixed and permeabilized, incubated with a polyclonal antibody anti-GFP and with a monoclonal antibody antisynaptobrevin 2 (Syb2), and observed by confocal microscopy. Low magnification images are shown in A. In all the other panels high magnification images of a cell body ( B), an axon ( C), a varicosity ( D), and a growth cone ( E), respectively, are shown. GFP⌬Nter-TI-VAMP (small arrows) does not colocalize with endogenous synaptobrevin 2 (B-E, large arrows) in any of the different neuronal domains. A significant amount of GFP-⌬Nter-TI-VAMP was detected at the leading edge of the growth cone, in a region devoid of synaptobrevin 2. Scale bar: A, 90 m; B, C, E, 4.6 m; D, 3 m. al., 1996) , suggests that TI-VAMP could be involved in exocytosis of a specific set of axonal and dendritic proteins that are expressed at early stages of neuronal development. Our observation that expression of ⌬Nter-TI-VAMP had no effect on dendritic outgrowth can be explained if dendritic outgrowth cannot be further activated, at least under our conditions of culture. If this were so, the exocytosis mediated by TI-VAMP would be regulated differently in axons and dendrites. This would be in agreement with several experiments showing that dendritic and axonal outgrowths are controlled by different signals (Prochiantz, 1995) . An alternative possibility is that TI-VAMP is primarily involved in axonal outgrowth and that dendritic outgrowth can proceed only when axonal outgrowth occurs normally. Indeed, our observations are reminiscent of recent work showing that amyloid precursor protein first appears in axons and is then transported to dendrites by transcytosis. Both amyloid precursor protein and TI-VAMP have been found in rafts (Bouillot et al., 1996; Lafont et al., 1999; Hooper et al., 2000) so the hypothesis that TI-VAMP would follow neuronal transcytosis is an appealing one. Our proposal that a common exocytotic mechanism mediates axonal and dendritic outgrowth at early stages of neuronal development is not contradictory with the high level of membrane trafficking polarity seen in mature neurons (Matteoli et al., 1995) . In fact, we have previously shown that TI-VAMP concentrates in dendrites in mature hippocampal neurons and in the adult rat brain (Coco et al., 1999) . Exocytosis mediated by TI-VAMP could participate in activity-dependent dendritic remodeling, a process reminiscent of early dendritic outgrowth (Maletic-Savatic et al., 1999; Toni et al., 1999) . It will now be important to characterize the proteins that control the exocytotic pathway mediated by TI-VAMP. Specific axonal and dendritic factors are expected to regulate this pathway, thus accounting for differential control of the growth rate of axons and dendrites in different types of neurons, the result of a balance between exocytosis and endocytosis that may differ in axons and dendrites. Important factors involved in axonal and dendritic outgrowths may include rab proteins (Huber et al., 1995) , GTPases of the Rac and Rho families (Nakayama et al., 2000) , kinesins (Terada and Hirokawa, 2000) , and regulators of endocytosis mediated by clathrin (Torre et al., 1994; Mundigl et al., 1998) .
It has been shown that TI-VAMP is involved in several membrane trafficking steps in different cell types. It mediates apical exocytosis in epithelial cells Lafont et al., 1999) , degranulation in mast cells (Hibi et al., 2000) , and participates in the EGF degradative pathway (Advani et al., 1999) . This study establishes its intimate involvement in axonal and dendritic outgrowth. An appealing hypothesis could be that, among other cargo proteins, vesicles controlled by TI-VAMP could contain hydrolases. These enzymes could be involved in the processing of membrane proteins and/or they could fulfill a function once they are secreted. Secretion of certain hydrolases may be important for elongation of axons and pathfinding because they would allow for specific penetration of the extracellular medium by cleaving particular components of the basal lamina that would otherwise prevent elongation (McGuire and Seeds, 1990; Seeds et al., 1990) . If this is the case, TI-VAMP-containing vesicles would be routed to different target membranes depending on the cell type: to endocytic structures in the case of fibroblasts or to plasma membranes in the case of epithelial cells, mast cells, and differentiating neurons. Such differences could also be correlated with different developmental stages. An alternative hypothesis would be that TI-VAMP is involved in transport from late endosomes to the plasma membrane and back and that this recycling mediates neurite outgrowth in developing neurons by a net exocytotic transport of proteins and lipids required for this process. The localization of TI-VAMP in adult dendrites (Coco et al., 1999) could suggest that this recycling is maintained in adult dendrites and respects a balance between exocytosis and endocytosis. Identification of the content of these vesicles in neurons is expected to yield proteins that are important for axonal outgrowth and may suggest new strategies for the treatment of severe traumatic nerve injuries.
